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conductive path is formed in a cavity etched through the wafer
bonding region between the first conductor and the second
conductor.
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1
INTEGRATED CIRCUIT STACK WITH
STRENGTHENED WAFER BONDING

BACKGROUND INFORMATION

1. Field of the Disclosure

The present invention relates generally semiconductor pro-
cessing. More specifically, examples of the present invention
are related to semiconductor processing of stacked integrated
circuit systems.

2. Background

As integrated circuit technologies continue to advance,
there are continuing efforts to increase performance and den-
sity, improve form factor, and reduce costs. The implementa-
tion of stacked three dimensional integrated circuits have
been one approach that designers sometimes use to realize
these benefits. The advances in wafer bonding with very
precise alignments make it possible to fabricate stacked chips
on watfer-level. The possible applications could include logic
chips that are bonded to memory chips, image sensor chips,
among others. This offers the advantage of smaller form
factors, improved performance, and lower costs.

A key challenge when implementing stacked three dimen-
sional integrated circuit systems, which continue to get
smaller and faster, relates to weak bonding interfaces between
the stacked wafers. In particular, weak bonding interfaces in
stacked three dimensional integrated circuits suffer from
cracks and peeling as a result of the etching processes. As a
consequence, etching through weak bonding interfaces of
stacked integrated circuit chips may cause unreliable connec-
tions between the wafers, and therefore failures in the stacked
integrated circuit systems.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive examples of the present
invention are described with reference to the following fig-
ures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified.

FIGS. 1A-1F illustrate example cross-section diagrams
that show an example of a stacked three dimensional inte-
grated circuit including stacked first and second device
wafers that are bonded together with strengthened wafer
bonding in accordance with the teachings of the present
invention.

FIG. 2 is a diagram illustrating one example of an imaging
system including a pixel array having image sensor pixels
included in a stacked three dimensional integrated circuit
system having strengthened wafer bonding in accordance
with the teachings of the present invention.

Corresponding reference characters indicate correspond-
ing components throughout the several views ofthe drawings.
Skilled artisans will appreciate that elements in the figures are
illustrated for simplicity and clarity and have not necessarily
been drawn to scale. For example, the dimensions of some of
the elements in the figures may be exaggerated relative to
other elements to help to improve understanding of various
embodiments of the present invention. Also, common but
well-understood elements that are useful or necessary in a
commercially feasible embodiment are often not depicted in
order to facilitate a less obstructed view of these various
embodiments of the present invention.

DETAILED DESCRIPTION

As will be shown, methods and apparatuses directed to
strengthening the wafer bonding between stacked first and
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second wafers in a stacked three dimensional integrated cir-
cuit system are disclosed. In the following description,
numerous specific details are set forth in order to provide a
thorough understanding of the present invention. In the fol-
lowing description numerous specific details are set forth to
provide a thorough understanding of the embodiments. One
skilled in the relevant art will recognize, however, that the
techniques described herein can be practiced without one or
more of the specific details, or with other methods, compo-
nents, materials, etc. In other instances, well-known struc-
tures, materials, or operations are not shown or described in
detail to avoid obscuring certain aspects.

Reference throughout this specification to “one embodi-
ment,” an embodiment, “one example,” or “an example”
means that a particular feature, structure, or characteristic
described in connection with the embodiment or example is
included in at least one embodiment or example of the present
invention. Thus, the appearances of the phrases such as “in
one embodiment” or “in one example” in various places
throughout this specification are not necessarily all referring
to the same embodiment or example. Furthermore, the par-
ticular features, structures, or characteristics may be com-
bined in any suitable manner in one or more embodiments or
examples.

As will be shown, examples of a stacked three dimensional
integrated circuit system with strengthened wafer bonding
are described, which can be utilized for example to imple-
ment an imaging system in accordance with the teachings of
the present invention. In one example, a pixel array of an
imaging system may be included in a first device wafer that is
stacked and bonded to a second device wafer, which may
include pixel support circuitry that is coupled to the pixel
array through a strengthened watfer bonding region in accor-
dance with the teachings of the present invention. In one
example, the strengthened wafer bonding region is disposed
between the first and second device wafers to bond the first
device wafer to the second device wafer. In the example, the
wafer bonding region includes dielectric material having a
higher silicon concentration than the adjoining dielectric
material of the dielectric layers of the first and second device
wafers. In one example, the deposition conditions are
changed during the deposition of the wafer bonding region to
create a varied composition layer region having the higher
silicon concentration. The higher silicon concentration
strengthens the wafer bonding region and reduces the etch
rate of cavities that etched through the wafer bonding region.
As a result, lateral etching in the wafer bonding region is
substantially reduced or eliminated such that the etching pro-
files of the cavities that are etched through the wafer bonding
region are substantially vertical. The substantially vertical
etching profiles of the cavities through the wafer bonding
region increases yields of stacked three dimensional inte-
grated circuit systems by reducing reliability failures. The
substantially vertical cavities through the wafer bonding
region may then be filled with conductive materials to provide
reliable conductive paths, such as through silicon vias (TSVs)
or the like, in accordance with the teachings of the present
invention.

To illustrate, FIG. 1A is an example cross-section diagram
that shows an example first device wafer 102 of an integrated
circuit system 100 including a first semiconductor layer 104
proximate to a first metal layer including conductors 108,
110, and 112, disposed within a first dielectric layer 106 in
accordance with the teachings of the present invention. In one
example, the first dielectric layer 106 may include oxide film
types, such as for example but not limited to silicon dioxide,
silicon nitride, PETEOS, FTEOS, PEOX, HDP oxide, or the
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like. The example depicted in FIG. 1A also illustrates a wafer
bonding region 114 inserted in first dielectric layer 106 in
accordance with the teachings of the present invention. In one
example, wafer bonding region 114 also includes a dielectric
material, such as for example one of silicon dioxide, silicon
nitride, or the like, but with a higher silicon concentration
than the dielectric material of first dielectric layer 106 outside
of the wafer bonding region 114. For instance, in a silicon
dioxide example, the silicon dioxide of wafer bonding region
114 may be inserted in-situ during a continuous deposition
process of the first dielectric layer 106 to provide the higher
silicon concentration in wafer bonding region 114 within first
dielectric layer 106 compared to the silicon concentration of
first dielectric layer 106 in accordance with the teachings of
the present invention. In one example, the silicon to oxygen
ratio in wafer bonding region 114 may be 5:1. In one example,
the thickness of wafer bonding region 114 may be in the range
0130~100 nm. As will be discussed, the higher concentration
of' wafer bonding region 114 provides increased strength and
has a slower etch rate, which provides a substantially com-
pletely vertical etching profile to improve reliability and
reduce failures in accordance with the teachings of the present
invention.

FIG. 1B is an example cross-section diagram of integrated
circuit system 100 that shows example first device wafer 102
after the first dielectric layer 106 is thinned from the front side
140 to wafer bonding region 114. In one example, chemical
mechanical planarization/polishing (CMP) may be per-
formed on the front side 140 of first dielectric layer 106 and
then stopped when the first dielectric layer 106 is thinned
down to the wafer bonding region 114 as shown inaccordance
with the teachings of the present invention.

FIG. 1C shows an example cross-section diagram of inte-
grated circuit system 100 that illustrates a second device
wafer 116 that is stacked and bonded with first device wafer
102 with wafer fusion bonding at the wafer bonding region
114 in accordance with the teachings of the present invention.
Inthe example, wafer bonding region 114 is at the interface of
the front side 140 of first dielectric layer 106 and a front side
142 of a second dielectric layer 120 of second device wafer
116. In one example, the higher concentration of silicon in the
watfer bonding region 114 compared to the silicon concentra-
tion in the first and second dielectric layers 106 and 120
provides a bonding strength of 1.5~2.5 J/m>.

As shown in the depicted example, second device wafer
116 also includes a second semiconductor layer 118 that is
proximate to a second metal layer including conductors 122,
124, 126, which are disposed within the second dielectric
layer 118. As will be discussed in greater detail below, in one
example, a pixel array of an image sensing system may be
included in the second device wafer 116. In one example, the
pixel array may be illuminated through a back side 146 of the
second semiconductor layer 118. In the example, pixel sup-
port circuitry may be included in the first device wafer 102 to
support the pixel array included in the first device wafer 116.

FIG. 1D is an example cross-section diagram of integrated
circuit system 100 that shows example first device wafer 102
and second device wafer 116 after the first semiconductor
layer 104 is thinned from the backside 144 of first semicon-
ductor layer 104. In one example, chemical mechanical pla-
narization/polishing (CMP) may be performed on the back-
side 144 of first semiconductor layer 104 to thin the first
semiconductor layer 104.

FIG. 1E is an example cross-section diagram of integrated
circuit system 100 that shows example first device wafer 102
and second device wafer 116 after a cavity 128 has been
etched from the backside 144 through wafer bonding region
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114 between conductor 110 in first dielectric layer 106 and
conductor 124 in second dielectric layer 120. In one example,
the etch rate through the dielectric material of wafer bonding
region 114 is less than the etch rate through the dielectric
material of first and second dielectric regions 106 and 120 in
accordance with the teachings of the present invention. As a
result of the strengthened dielectric material and slower etch
rate of wafer bonding region 114, it is appreciated that the
etching profile of cavity 128 has a substantially vertical etch-
ing profile. In other words, it is appreciated that the cavity 128
etched through the wafer bonding region 114 is substantially
absent of lateral etching, which can cause an unwanted non-
vertical etching profile. As a result, it is appreciated that the
bonding interface provided with wafer bonding region 114 is
substantially free of cracks and other defects resulting from
the etching process, which improves reliability and reduces
failures in accordance with the teachings of the present inven-
tion. Indeed, it is appreciated that the wafer bonding provided
with wafer bonding region 114 provides high density Si—OH
for van der Waals bonding that strengthens bonding strength
in accordance with the teachings of the present invention.

FIG. 1F is an example cross-section diagram of integrated
circuit system 100 that shows example first device wafer 102
and second device watfer 116 after the cavity 128 is etched
from the backside 144 and then with conductive material 130
to provide for example a through silicon via (TSV) to couple
together conductor 110 in first device wafer 102 and conduc-
tor 124 in second device wafer 116 in accordance with the
teachings of the present invention. In one example, conduc-
tive material 130 may include for example a metal such as
copper, aluminum, or another suitable conductive material to
electrically connect first device wafer 102 to second device
wafer 116. Although not shown in FIG. 1F, in one example, it
is appreciated that the cavity 128 may also include an insu-
lating layer disposed between the conductive material 130
and the semiconductor material of first semiconductor layer
104 to prevent an unwanted short circuit connection between
conductive material 130 and first semiconductor layer 104. It
is appreciated that with the strengthened wafer bonding
region 114 that the bonding at the interface of first and second
device wafers 102 and 116 is substantially free of cracks and
other defects caused by the etching process, and that the
electrical connections between first device wafer 102 and
second device wafer 116 therefore have increased strength
and reliability in accordance with the teachings of the present
invention.

FIG. 2 is a diagram illustrating one example of an imaging
system 200 including an example pixel array 232 having a
plurality of image sensor pixels included in an example
stacked three dimensional integrated circuit having stacked
first and second device wafers 202 and 216 that are bonded
together with strengthened wafer bonding in accordance with
the teachings of the present invention. As shown in the
depicted example, imaging system 200 includes pixel array
232 coupled to control circuitry 238 and readout circuitry
234, which is coupled to function logic 236. In the illustrated
example, the first device wafer 202 includes pixel support
circuitry such as readout circuitry 234, function logic 236,
and control circuitry 238, and the second device wafer 216
includes pixel array 232.

In one example, pixel array 232 is a two-dimensional (2D)
array of image sensor pixels (e.g., pixels P1, P2 .. ., Pn). As
illustrated, each pixel is arranged into a row (e.g., rows R1 to
Ry) and a column (e.g., column C1 to Cx) to acquire image
data of a person, place, object, etc., which can then be used to
render a 2D image of the person, place, object, etc.
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In one example, after each pixel has acquired its image data
or image charge, the image data is readout through bitlines
240 by readout circuitry 234 and then transferred to function
logic 236. In one example, the connections between first and
second device wafers 202 and 216 through bitlines 240 are
provided through conductors and conductive materials
through a strengthened wafer bonding region, such as for
example as illustrated and described in FIGS. 1A-1F above.
In various examples, readout circuitry 234 may include
amplification circuitry, analog-to-digital (ADC) conversion
circuitry, or otherwise. Function logic 236 may simply store
the image data or even manipulate the image data by applying
post image effects (e.g., crop, rotate, remove red eye, adjust
brightness, adjust contrast, or otherwise). In one example,
readout circuitry 234 may readout a row of image data at a
time along readout column lines (illustrated) or may readout
the image data using a variety of other techniques (not illus-
trated), such as a serial readout or a full parallel readout of all
pixels simultaneously.

In one example, control circuitry 238 is coupled to pixel
array 232 to control operational characteristics of pixel array
232. In one example, the connections between control cir-
cuitry 238 and pixel array 232 may also be provided through
conductors and conductive materials through a strengthened
watfer bonding region, such as for example as illustrated and
described in FIGS. 1A-1F above. In one example, control
circuitry 238 may generate a shutter signal for controlling
image acquisition. In one example, the shutter signal is a
global shutter signal for simultaneously enabling all pixels
within pixel array 232 to simultaneously capture their respec-
tive image data during a single acquisition window. In another
example, the shutter signal is a rolling shutter signal such that
each row, column, or group of pixels is sequentially enabled
during consecutive acquisition windows.

The above description of illustrated examples of the
present invention, including what is described in the Abstract,
are not intended to be exhaustive or to be limitation to the
precise forms disclosed. While specific embodiments of, and
examples for, the invention are described herein for illustra-
tive purposes, various equivalent modifications are possible
without departing from the broader spirit and scope of the
present invention. Indeed, it is appreciated that the specific
example voltages, currents, frequencies, power range values,
times, etc., are provided for explanation purposes and that
other values may also be employed in other embodiments and
examples in accordance with the teachings of the present
invention.

These modifications can be made to examples of the inven-
tion in light of the above detailed description. The terms used
in the following claims should not be construed to limit the
invention to the specific embodiments disclosed in the speci-
fication and the claims. Rather, the scope is to be determined
entirely by the following claims, which are to be construed in
accordance with established doctrines of claim interpretation.
The present specification and figures are accordingly to be
regarded as illustrative rather than restrictive.

What is claimed is:

1. An integrated circuit system, comprising:

a first device wafer having a first semiconductor layer
proximate to a first metal layer including a first conduc-
tor disposed within a first dielectric layer;

a second device wafer having a second semiconductor
layer proximate to a second metal layer including a
second conductor disposed within a second dielectric
layer;

a wafer bonding region disposed at an interface of a front
side of the first dielectric layer of the first device wafer
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and a front side of the second dielectric layer of the

second device wafer such that wafer bonding region

bonds the first device wafer to the second device wafer,
wherein the wafer bonding region includes dielectric

material having a higher silicon concentration than a

dielectric material of the first and second dielectric lay-

ers of the first and second device wafers; and

a conductive path coupling the first conductor to the second
conductor, wherein the conductive path is formed in a
cavity etched through the wafer bonding region between
the first conductor and the second conductor.

2. The integrated circuit system of claim 1 wherein an
etching profile ofthe cavity etched through the wafer bonding
region is completely vertical, such that a non-vertical etching
profile is absent from the cavity etched through the wafer
bonding region.

3. The integrated circuit system of claim 1 wherein the
higher silicon concentration of the dielectric material of the
wafer bonding region causes an etch rate that is less than an
etch rate through the dielectric material ofthe first and second
dielectric layers of the first and second device wafers.

4. The integrated circuit system of claim 1 wherein the
cavity etched through the wafer bonding region is etched
through the second semiconductor layer from a backside of
the second device wafer.

5. The integrated circuit system of claim 1 wherein the
conductive path formed in the cavity etched through the wafer
bonding region is filled with conductive material coupled to
the first conductor to the second conductor.

6. The integrated circuit system of claim 1 wherein the
wafer bonding region and the first and second dielectric layers
comprise one of silicon dioxide or silicon nitride.

7. The integrated circuit system of claim 1 wherein the
wafer bonding region and the first and second dielectric layers
comprise silicon dioxide, wherein the silicon dioxide of the
wafer bonding region has the higher silicon concentration
than a silicon dioxide of the first and second dielectric layers
of the first and second device wafers.

8. The integrated circuit system of claim 7 wherein a silicon
to oxygen ratio in the wafer bonding region is 5:1.

9. The integrated circuit system of claim 1 wherein the
wafer bonding region comprises an in-situ deposition of the
dielectric material having the higher silicon concentration
during an oxide deposition.

10. The integrated circuit system of claim 1 wherein one of
the first device wafer and second device wafer comprises an
imager chip and an other one of the first device wafer and
second device wafer comprises a processing chip.

11. An imaging system, comprising:

a pixel array having a plurality of image sensor pixels,
wherein the pixel array is included in an integrated cir-
cuit system including:

a first device wafer having a first semiconductor layer
proximate to a first metal layer including a first con-
ductor disposed within a first dielectric layer;

a second device wafer having a second semiconductor
layer proximate to a second metal layer including a
second conductor disposed within a second dielectric
layer;

awafer bonding region disposed at an interface of a front
side of the first dielectric layer of the first device wafer
and a front side of the second dielectric layer of the
second device wafer such that wafer bonding region
bonds the first device wafer to the second device
wafer, wherein the wafer bonding region includes
dielectric material having a higher silicon concentra-
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tion than a dielectric material of the first and second
dielectric layers of the first and second device wafers;
and

a conductive path coupling the first conductor to the
second conductor, wherein the conductive path is
formed in a cavity etched through the wafer bonding
region between the first conductor and the second
conductor;

control circuitry coupled to the pixel array to control opera-

tion of the pixel array; and

readout circuitry coupled to the pixel array to readout

image data from the plurality of image sensor pixels.

12. The imaging system of claim 11 wherein an etching
profile of the cavity etched through the wafer bonding region
is completely vertical, such that a non-vertical etching profile
is absent from the cavity etched through the wafer bonding
region.

13. The imaging system of claim 11 wherein the higher
silicon concentration of the dielectric material of the wafer
bonding region causes an etch rate thatis less than an etch rate
through the dielectric material of the first and second dielec-
tric layers of the first and second device wafers.

14. The imaging system of claim 11 wherein the cavity
etched through the wafer bonding region is etched through the
second semiconductor layer from a backside of the second
device wafer.
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15. The imaging system of claim 11 wherein the conduc-
tive path formed in the cavity etched through the wafer bond-
ing region is filled with conductive material coupled to the
first conductor to the second conductor.

16. The imaging system of claim 11 wherein the wafer
bonding region and the first and second dielectric layers com-
prise one of silicon dioxide or silicon nitride.

17. The imaging system of claim 16 wherein a silicon to
oxygen ratio in the wafer bonding region is 5:1.

18. The imaging system of claim 11 wherein the wafer
bonding region and the first and second dielectric layers com-
prise silicon dioxide, wherein the silicon dioxide of the wafer
bonding region has the higher silicon concentration than a
silicon dioxide of the first and second dielectric layers of the
first and second device wafers.

19. The imaging system of claim 11 wherein the wafer
bonding region comprises an in-situ deposition of the dielec-
tric material having the higher silicon concentration during an
oxide deposition.

20. The imaging system of claim 11 wherein one of the first
device wafer and second device wafer includes the pixel array
and an other one of the first device wafer and second device
wafer includes the control circuitry and the readout circuitry.
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